
STOTEN-19554; No of Pages 1 0 

Contents lists available at 

Science of the Total Environment 

journal homepage: 

Endocrine disrupting activities of surface water associated with a West 
Virginia oil and gas industry wastewater disposal site 

Christopher D. Kassotis , LukeR. lwanowicz , Denise M. Akob , Isabelle M. Cozzarelli , Adam C. Mumford , 
William H. Orem , Susan C. Nagel 
' N icholas&hool of the Environ ment,Du ke Un iversity,Durham, NC 27708, lJSI\ 
b U.S. GeologicaiSurvey, Leetown&ienceCenter,Fish Health Branch, 11649 Leetown Road, Kearneysville,WV 25430, lJSI\ 
' U.S. GeologicaiSurvey,NationaiResearchProgram, 12201 Sunrise Valley Drive, MS430, Reston,VA20192, lJSI\ 
d U.S. GeologicaiSurvey,Eastern EnergyResources&ienceCenter, 12201 Sunrise Valley Drive, MS 956, Reston, VA 20192, lJSI\ 
e Department of Obstetrics, Gynecology and Women's Health, University of M issouri,Columbia, MO 65211, lJSI\ 

HIGHLIGHTS 

• Oil and gas wastewater disposal may 
increase endocrine disrupting activity 

in water. 

• Tested EDC activity in surface water 

near oil and gas wastewater injection 

site. 

• Water downstream had significantly 

more EDC activity than reference water 

upstream. 
• Downstream surface water antagonized 

five different nuclear hormone receptors. 

• EDC activity downstream was above 

levels known to result in adverse 

health effects. 
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GRAPHICAL ABSTRACT 

abstract 

Currently ,N95%of end disposal of hydrau licfracturingwastewaterfrom unconventionaloi I and gas operations in 

the US occurs via injection wells. Key data gaps exist in understanding the potential impact of underground in­

jection on surface water quality and environmental health. The goal of this study was to assess endocrine 

disrupting activity in surface water at a West Virginia injection well disposal site. Water samples were collected 

from a backgroundsite in the area and upstream,on, and downstream ofthedisposalfacility.Samplesweresolid­

phase extracted, and extracts assessed for agonist and antagonist hormonal activitiesfor five hormone receptors 

in mammalian and yeast reporter gene assays. Compared to reference water extracts upstream and distal to the 

disposal well, samples collected adjacent and downstream exhibited considerably higher antagonist activity for 

the estrogen, androgen, progesterone, glucocorticoid and thyroid hormone receptors. In contrast, low levels of 

agonist activity were measured in upstream/distal sites, and were inhibited or absent at downstream sites 
with significant antagonism. Concurrent analyses by partner laboratories (published separately) describe the 
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Injection well 
Wastewater disposal 

analytical and geochemical profiling of the water; elevated conductivity as well as high sodium, chloride,stron­
tium,and bariumconcentrationsindicate impactsdueto handlingofunconventionaloil and gas wastewater. No­
tably, anlagen ist activitiesi n downstream sam pies were at equ ivalentauthenticstandard concentrationsknown 
to disrupt reproduction and/or development in aquaticanimals.Given the widespread use of injection wells for 
end-disposal of hydraulicfracturing wastewater, these data raise concerns for human and animal health nearby. 

1. Introduction 

It has recently been demonstrated that chemicals used in and/or 
produced by unconventional oil and natural gas (UOG) operations 
include endocrine disrupting chemicals (EDCs) 

4 ). EDCs are exogenous 
chemicals or mixtures of chemicals that can interfere with any aspect of 
hormone action 2). As many as one thousand EDCs 
have been identified 3), both synthetic and naturally occur-
ring, that can directly interact with hormone receptors as agonists or an­
tagonists or indirectly interact via 
modulating responses to endogenous hormones 

endogenous hormone levels 
or through other mechanisms 

EDCscan exhibit biological effects at very low environmental 
concentrations can exhibit non-monotonic response 
curves (quantitatively and qualitatively different outcomes at low versus 
high concentrations), and can alter development during critical windows 
and increase the risk of disease 

Economically feasible methods to treat and reuse hydraulic frac­
turing wastewater are still under development, so injection remains 
the major disposal method, despite concerns over associations be­
tween injection disposal wells and increased seismicity and earth­
quakes 5 ). More than 
95%of produced wastewater in the US is injected for final disposal 

though centralized wastewater 
disposal facilities handle a more significant portion of wastewater in 
the Marcellus Shale region specifically 

3 ). Spi lis and/or discharges of wastewater have been shown to 
increase: 1) fracturing chemical concentrations in local water sup­
plies and sediments 

4), 2) heavy metals in drinking water 

© 2016 Published by Elsevier B.V. 

), and 3) rad ioac­
tivity, salinity, and total dissolved solids in rivers downstream from 
treatment plants and/or discharges 

3), potentially leading to the produc­
tion of disinfection by products 

4). Previous work in our laboratory has re­
ported potential human and animal health concerns via UOG con­
tamination 4) as well 
as adverse health outcomes in male C57 mice exposed during gesta­
tion to potentially environmentally-relevant concentrations of a hy­
draulic fracturing chemical mixture Because 
of these health concerns and the many potential contamination 
pathways (spills during transport to/from sites, improper handling 
and disposal of wastewater, failure of well casings, etc.), it is impor­
tant to fi II key data gaps in understanding contamination via under­
ground injection activities and potential environmental impacts 

5). 
As such, the goals of this study were to characterize the endocrine 

disrupting activities of water samples collected from a site where the 
chemical analyses indicated release of UOG wastewater had oc­
curred and to ascertain potential health risks. Due to the high degree 
of conservation in nuclear receptor pathways 

in vitro screens such as reporter gene assays and yeast 
receptor screens are commonly used to assess potential health ef­
fects in human and wildlife populations 

These in vitro screens can more easily assess potential threats 
to human and environmental health than more costly and time­
consuming animal studies, since the ability of a chemical to interfere 
with any aspect of hormone action is a clear indicator of potential re­
sultant health outcomes 2). Mammalian reporter 
gene assays are often used due to high sensitivity and the transla­
tional potential of results Yeast re­
ceptor screens tend to be less sensitive, though are less susceptible 
to toxicity 0). Due to these factors, we opted to 
couple mammalian and yeast bioassays to assess differences be­
tween the systems and to ensure that toxicity concerns would not 
prevent characterization of EDC activities at these sites. We further 
used authentic standards to convert receptor activities to equivalent 
concentrations of well-described control chemicals, faci I itati ng the 
translation of in vitro results, as exposure to EDCs has been linked 
to a number of negative health outcomes in laboratory animals at en­
vironmentally relevant concentrations, wildlife and humans 

The site examined herein was a West Virginia wastewater injec­
tion disposal facility that included an injection disposal well, several 
lined holding ponds and brine storage tanks, and a small stream that 
flows through the s Ri§.(1 ). This stream flows into the WolfCreek 
downstream, and eventually into the New River, a drinking water 
source for local communities and important recreational area. A 
second tributary of Wolf Creek was identified as a background, 
non-impacted site, and samples were collected from both streams 
and assessed for agonist and antagonist activities for the estrogen 
(ER), androgen (AR), progesterone (PR), glucocorticoid (GR), and 
thyroid (TR) receptors. From our prior work with individual UOG 
chemicals and mixtures, we hypothesized that the disposal facility 
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A. 

(Background 
Drainage) 

Fig. 1. Map of sampling locations. Map of sampling locationsnearFayetteville W\1 within the WolfCreek watershed (A) and specifics te s(B) in a stream runningadjacentto a class II disposal 
facility.PaneiAshowsthatSite2 was located in aseparatedrainagefromthedisposalfacilitysites(outlinedin black box), which are shown in paneiB (Sites4, 5, 6, 7 and :}.In paneiB, the blue line 
highlightsthestreamas it ftows throughthedisposalsite. Watersampleswerenot collected at Sites 1 and 5 for theworkdescribedherein. (For interpretational the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
Source: Esri. DigitaiGiobe,GeoEy, i-cubed,EarthstarGeographies,CNES/AirbusDS, USDA, USGS, AEX, Getmapping,Aerogrid,IGN, IGP, swisstopo,and the GIS User Community. 

may contribute antagonist activities to the stream that could impact 
local health. 

2. Materialsand methods 

2.1. Chemicals 

1713-Estradiol (E2; estrogen agonist, 98%pure), ICI182,780 (es­
trogen antagonist, 98% pure), 4,5a-dihydrotestosterone (DHT; an­
drogen agonist, <::97.5% pure), flutamide (androgen antagonist, 
100%pure), 3,3',5-triiodo-L-thyronine (T3; thyroid agonist, <::95% 
pure), progesterone (P4; progesterone agonist, <::99% pure), m ifep­
ristone (glucocorticoid/progesterone antagonists, <::98% pure), dexa­
methasone (DXM; glucocorticoid agonist, 99.5% pure), and 
hydrocortisone (glucocorticoid agonist, 98% purity) were purchased 
from Sigma-Aldrich Co. (StLouis, MO). 1-850 (thyroid antagonist, 
<::95% pure) was purchased from EMD Millipore (Billerica, MA). 
Stock solutions were prepared at 10 mM in HPLC-grade methanol 
and stored at - 20 oc, (except T3 and 1-850, which were prepared 

Pl:ease!cite. thlscait!cleas: "a:Sl>o<nl!!,~.:-.JJ_;c~et·c!L, Ftilil•~r:rinA.ill~:rr 
wastewat:eldfsposal site, Sdi :Total 

in dimethylsulfoxide; DMSO), and then diluted in respective sol­
vents to required working solution concentrations. 

2.2. Selection of sample sites and controls 

Water samples (n = 6) were collected from surface water sites in 
June 2014 , Sl 2), including four sites associated with the dis­
posal well: one sample collected upstream from the injection well 
(Background, Site 4 ), one near the injection well (Site 6), and anoth­
er two samples downstream (Sites 7 and 3). Samples were collected 
from an additional background site in a separate drainage ("back­
ground drainage") with no known oil and gas wastewater inputs 
(Site 2). For additional information about the sampling sites, see 
Akob et aL (2016, unpublished results). 

Processcontrols were prepared using one liter of Fisher HPLC-grade 
water (Fisher Scientific catalog# WFSK-4) and followed the same pro­
cessing and analysisproceduresused for all experimentalsamples.Pro­
cess controls were included in assays to assess any receptor activities 
contributed by the solid phase extraction process. 

2016-009474-00329 
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2.3.Grabsamplecollection sample was performed in quadruplicate within each assay and each 
assay was repeated three times. 

All sam pies for Lab One (mammal ian assays) were collected in Receptor activities were compared to 1% methanol or 0.1% DMSO 
one-liter amber glass bottles (Thermo Scientific catalog# 05-719- vehicle controls as necessary, depending on vehicle used. Chemical 
91) and samples for Lab Two (yeast assays) were collected in one- response was set as a fold induction relative to this vehicle control, 
liter amber glass bottles (C&G Containers and Scientific Supplies, prior to calculating relative responses to control agonists and/or an-
Lafayette, LA), all certified to meet the EPA standards for metals, pes- tagonists. Agonist activities were then calculated as a percent activi-
ticides, volatiles, and non-volatiles. Surface water samples were ty relative to the maximal positive control responses of 200 pM E2, 
taken from flowing stream water by submerging bottles, filling 3 nM DHT, 100 pM P4, 100 nM T3, and 100 nM DEX, for ER, AR, PR, 
completely, and capping without headspace. Samples for mammali- TR, and GR receptor assays, respectively. Antagonist activities were 
an assays were preserved in the fie I db y adding 1 go fs odium azide cAlculated as a percent suppression or enhancement of the positive 
duplicate sample was collected at Site 3and processed separately as controls at their EC50s (concentration required to exhibit half of 
an internal control (Supplemental information 2). Field blanks were maximal activity): 20 pM E2, 300 pM DHT, 30 pM P4, 2 nM T3, and 
collected at Site 3, and contained one liter of laboratory control 5 nM DEX, respectively. Equivalence values were then determined 
water, opened and briefly exposed to the air, and then preserved for each sample with significant activity (based on paired t-test) 
and processed in the same manner as field samples. All samples using these percent activities relative to positive control agonist 
were stored on ice in the field, shipped in coolers overnight to anal- and antagonist dose response curves (Supplemental Fig. 1 ). Non-
ysis labs, corrected to pH 3 with 6 N HCI (yeast assays only), stored at significant percent activities, while reported in did not have 
4 oc in the respective laboratories, and were processed within two equivalent concentrations calculated for 
weeks of collection. All analyses were performed blinded to sample 
identification using non-identifiable coded IDs, and chain of custody 2.6.Sampletoxicity 
procedures followed throughout the shipping and receiving 
processes. 

2.4. Extraction of water samples 

The two laboratories followed similar but distinct solid-phase ex­
traction (SPE) protocols, both utilizing Oasis HLB glass cartridges 
(Waters# 186000683) after a pre-fi It ration step using glass-fiber fi 1-
ters. Cartridges for mammalian assays were conditioned with 100% 
HPLC-grade methanol and 100% HPLC-grade H2 0. Water sam pies 
(1 L) were loaded onto the cartridge and washed with 5 mL of 5% 
methanol. Cartridges were then removed from the vacuum manifold 
and elution was performed with three 1-mL additions of 100% meth­
anol into amber glass vials. A DMSO "keeper" at 50 IJL was added to 
each vial before dry-down under a gentle stream of nitrogen gas 
and subsequent reconstitution in 200 IJL of pure methanol, creating 
stock concentrations of 4,00Qx the original water concentration 
(80% methanol, 20'/o DMSO). Solid-phase extractions for yeast assay 
samples were performed as described previously 

2). Briefly, cartridges were conditioned with 100%ethyl acetate, 
50:50 methanol: dichloromethane, 100%methanol, and then pH-3 
HPLC-grade deionized water. Water samples (800 mL) were loaded 
onto the cartridge and column dried for at least 30 min following 
loading. Elution was performed with 6 mL methanol into one glass 
tube and 6 mL 50:50 methanol:dichloromethane into a second. Sam­
ples were dried under nitrogen gas and pooled, and subsequent re­
constitution in 1 mL of pure methanol created stock concentrations 
of 8QQx the original water concentration. 

Reconstituted samples were stored at - 20 oc, protected from 
light, until tested. In order to be applied to cells, stock samples 
were diluted 100 and/or 1000-fold in tissue culture medium, creat­
ing final concentrations, in contact with mammalian and yeast 
cells, of 40xf4 x the original water concentration for mammalian as­
says and 8 x for yeast assays. Select SPE extracts from yeast assays 
were also tested in mammalian assays and exhibited equivalent ac­
tivities to mammalian extracts. 

2.5. Mammalian hormone receptor activity assays 

Ishikawa cells (Sigma cat# 99040201) were maintained and tran­
siently transfected with plasmids as described previously 

for ER alpha, AR, PR B, GR, and TR 
beta. Cells were induced with dilution series of the positive/negative 
controls (SI 3) or of the water sample extracts, diluted in medium 
using a 1% methanol vehicle. Each treatment concentration for each 

The two laboratories followed distinct toxicity test protocols. 
Mammal ian assays assessed toxicity as follows: CMV-!3-Gal activity 
was used in ERassaysasa marker of cell number, and also used as 
a surrogate marker for sample toxicity as described previously 

4). Any sample found to have deviated N15% 
from the activity of the vehicle and that exhibited a significant differ­
ence (based on paired t-test) was deemed toxic and excluded from 
antagonist analysis. As antagonist assays measure the reduction in 
luciferase expression, toxicity cannot be unpaired from antagonist 
action. As such, any sample found to exhibit toxicity at the 40x con­
centration (Sites 3 and 7) were excluded and only tested for antago­
nism at 4x where no significant toxicity was observed for any 
sample. Yeast assays assessed toxicity at 8x water concentration 
using yeast strain BLYR Strain BLYR was 
grown to an OD600 of 0.5 and was then added to samples and incu­
bated for 4 h at 30 oc. Toxicity was expressed as the percent reduc­
tion in bioluminescence relative to vehicle control (2.5% methanol). 
Samples were considered toxic if a 10'/o reduction (or greater) in bio­
luminescence was observed. No toxicity was observed for any sam­
ples in the yeast system. 

2.7. Yeast bioreporter assays 

The bioluminescent yeast estrogen screen (BLYES) was used to 
quantitatively assess ER alpha activity relative to 17j3-estradiol. 
Strain BLYES was purchased from 490 BioTech. Yeast strains DSY-
1555 and MCY-105 were used to assessARand GR, respectively. 
These yeast reporter strains were obtained from Marc Cox (Universi­
ty of Texas at El Paso). Detection limits for these yeast strains in the 
culture conditions described below are BLYES, 0.31 ng/L of 17!3-
estradiol; DSY -1555, 0.80 ng/L of dihydroxytestosterone; DSY-1 05, 
0.05 ng/L of hydrocortisone. 

The BLYES assay was performed as described previously 
with some modifications. Strains DSY-

1555 and MCY-1 05 were grown in synthetic complete media lacking 
lysine, uracil and tryptophan (SC-LUW) or uracil, tryptophan and 
histadine (SC-UWH), respectively. Yeast was grown at 30 oc in a ro­
tary incubator for 48 h. Yeast was diluted to an OD600 of 0.25 and 
951JL was added to wells of solid bottom white microplates (Costar). 
Standards ( 1.5 x 104-8 ng/well) and samples (51JL) were then added 
and plates were incubated at 30 oc for 4 h. After this incubation, 
100 IJL of Tropix GaiScreen in Buffer B (Applied Biosystems, Foster 
City, CA) was added to all wells and the plate incubated for an addi­
tional2 hat 28 °C. The hormone induced chemiluminescentsignal 

2016-009474-00329 
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Fig. 2. Agonist and antagonistcombined receptor activities of 4x surfacewatersamplesassociated with injection well site via mammalian reporter gene assay. Combined total receptor 
activities for each water sample at 4x concentration. Combined total antagonist activities (A) as percent suppression of half maximal positive control response for each receptor. Combined 

total agonist receptor activities(B) as percent activity relative to maximal positive control response for each receptor.Resultsfrom duplicatesamples collected at Sites 7 and 3, were averaged 
and presented as one value for there sites. Samples are in order of degree of potential impact from the disposal facility: Process control, Site 3 field blank, Site 2 background stream, Site 4 
urstream backgrounq Site 6 adjacent to the injection well, Site 7 near former impoundmentpond~ and Site 3 downstream of facility. 

was then measured on a Spectra Max M4 microplate reader (Molecu­
lar Devices) in luminescence mode (1000 ms integration time). 

3. Results 

3.1. Antagonist receptor activities of water extracts 

Increasing and near maximal antagonist activities were noted on 
and downstream of the disposal facility 2). Site 6 (adjacent to the 
injection well) exhibited near maximal (N80%) antagonism for ER and 
PR, with antagonism for AR, GR, and TR increasing in Site 7 (adjacent 
to the impoundment ponds) and further in Site 3 (downstream of 
site; 2A). The backgroundsamplesfrom the reference stream (Site 
2) and from upstream of the disposal facility (Site 4) exhibited non­
significant antagonism. Equivalence values were calculated based on 
positive control antagonists. Anti-AR and anti-TR equivalent activities 
were the highest measured, with levels reaching 700 IJg EQ/L for each 
(fl utam ide and 1-850 equivalences, respectively; Fig. 38, E). Anti-PRac-
tivity reached 5.5 IJg mifepristone-EQ/L at Site 3 3C), anti-GR 
reached approximately 600 ng mifepristone-EQ/L 3D), and anti-
ER reached approximately 200 ng ICI-EQ/L 3A). 

Please!cite. thlscait!cleas: "a:Sl>o<nl!!,~.:-.IJ.;c~et·clt., Ftilil•~r:rinA.ill~:rt 
wastewateldfsposal site, Sdi :Total 

3.2. Agonist receptor activities of water extracts 

Low levels of backgroundagonistactivities (appro xi mately1 0-ti mes 
lower than an tag on istactivities) were observed in the referencestream, 
Site 2, and thesamplecollected upstream from the wastewaterdisposal 
facility, Site 4 28, 4 ). The main agonist activity was for PR, at 28% 
and 13%activity relative to the positive control at Sites 2 and 4, respec­
tively 28). The field blank collected at Site 3 exhibited some non­
significant agonist activities, and agonist activities were largely or 
completely gone in the three samples collected on or downstream 
from the injection disposal facility (Sites6, 7, 3). Equivalence values at 
Sites2, 4, and occasionally the field blank and backgroundSite 6 exhib­
ited low levels of agonist activities 4 ). TR equivalence wash ighest, 
with levels as high as 5 ng T3-equivalentsper liter water (T3-EQ/L; 
4E), while both AR and GR equivalences were approximately 1 ng EQ/L 

48, D). PRequivalencewas between 115 and 150 pg P4-EQ/L 
4C), whileER was the lowest detected activity at 15-18 pg E2-EQ/L 
4A). All sites potentially impacted by injection fluids from the dispos­
al well operations (Sites 6, 7, and 3) exhibited less agonist activities 
and considerably more antagonist activities than background 
samples. 

2016-009474-00329 
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Anti-estrogenic Equivalence (B) Anti-androgenic Equivalence 

Antl-progestogenic Equivalence Anti·glucocorticogenic Equivalence 

-
Anti-thyroid Equivalence 

Ill 
Slte.G 

Fig. 3. Antagonistequivalencevaluesof surface water samples associated with injection well site via mammalian reporter gene assay.Antagonistequivalences ± ~M calculated as an 
equivalent positive control antagonist concentration for: (A) anti-estrogenic (ICI), (B) anti-androgenic (flutamide), (C) anti-progestogenic (mifepristone), (D) anti-glucocorticoid 
(mifepristone), and (E) anti-thyroid (1--850) at each sample site at 4x concentration.Results from duplicatesamples collected at Sites 7 and 3, were averaged and presented as one value for 
these sites Equivalencevaluescalculatedonly forsamplesexhibitingsignificant activity as described in the methods.Samples in order of increasing potential impact from facility. 

ER, AR, and GR activities were also assessed in yeast reporter gene 
assays (SI1 ). No significant GRactivity was measured at any site. ERac­
tivity was only observed at the downstream Sites 7 and 3, with equiva­
lent activities of approximately 350 and 650 pg E2-EQ/L (SI 1A). AR 
activity was likewise only measured at Sites 7 and 3, with equivalent 
concentrations between 1.3 and 1.5 ng DHT-EQ/L (SI 1 B). No ER or AR 
agonist activities were observed at these sites in the mammalian report-
er gene assays, though they exhibited the highest an tag on ism 3 ). 

3.3. Toxicity assessment of water extracts 

Samples were assessed for toxicity via CMV-13-Gal activity in the 
ERactivity screen in Ishikawa human cells, as described and validat­
ed previously Briefly, a constitutively active 
promoter, CMV-13-Gal, was transfected into all cells alongside there­
porter and receptor constructs for each experimental system. Any cell 
thus transfected with this promoter produced beta galactosidase, and 

this could be measured as a marker for cell number and thus also as a 
surrogate marker for cell toxicity Sites 7 and 3 
both exhibited moderately high toxicity (N60% inhibition of beta­
galactosidase production) at the 40x test concentration 5). None 
of the 4 x concentrationsof these sam plesexhibitedsignificant toxicity. 
Agonist and antagonist activities were only reported for samples with­
out significant toxicity, so 4x water concentration values were used to 
report all activities. No toxicity was observed for any samples at Sx 
water concentration in the yeast reporter gene assay. 

4. Discussion 

We measuredsignificantly greaterEDCactivity on and downstream 
of the disposal facility (Sites6, 7, and 3) relative to referencesites (Sites 
2 and 4). The impactedsitesexhibitedconsiderablygreaterantagonist 
activitiesthan backgroundsamples(F , )4fhesesamplesinclud­
ed Site 6 collected directly adjacent to the injection weii,Site 7 collected 

2016-009474-00329 
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(A) Estrogenic Equivalence (B) Androgenic Equivalence 

Thyroldogenlc Equivalence 

Fig. 4. Agonist equivalence values and receptor activities of surface water samples associated with injection well site via mammalian reporter gene assay. Agonist equivalences± ~M 
calculated as an equivalentpositivecontrol agonist concentration for: (A) estrogenic(E2), (B) androgenic(DHT), (C) progestogenic(progesterone), (D) glucocorticoid (dexamethasone), and 
(E) thyroidogenic(T3) at each sample collection site at 4x concentration.Results from duplicate samples, collected at Sites 7 and 3, were averaged and presented as one value for there sites. 
Equivalencevaluescalculatedonly for samplesexhibitingsignificant activity as described in the methods. Samples in order of increasing potential impact from facility. 

immediately next to the former wastewater containment ponds, and 
Site 3 collected downstream from the entire disposal facility.Site 3 ex­
hibited the most antagonism, likely due to this sample receiving drain­
age from the entire facility. The most impacted samples, Sites 7 and 3, 
also exhibited toxicity in the mammalian cell culture system at the 
40x concentration, but not at the 4x concentration used to measure 
EDC bioactivity, nor at Sx in the yeast cell culture system. 

As a class II injection well, thissite is permitted to accept wastewater 
from unconventional oil and natural gas extraction. However, this site 
may accept wastewater and fluids from other industries as well, and 
the hormonal activity profile exhibited may be due in part to other 
sources. As such, caution should be taken in the extrapolation of these 
results to unconventional oil and gas activities specifically. To address 
this concern, research performed concurrently (Akob et aL, 2016 and 
Orem et aL, 2016, unpublished results) describes in detail the analytical 
and geochemical profiling that identified inorganic and organic constit­
uents indicative of UOG wastewater at thesesites.Specifically, elevated 

Pl:ease!cit:e. thlscait!cleas: "a:Sl>o<nl!!,"'-·IJ.;c~et·c!L, Ftilil•~r:rinA.ill~:rr 
wast:ewat:eldfsposal site, Sdi :Total 

conductivity, sodium, chloride, and barium concentrations, and stron­
tium isotopes suggest that the contamination profile is specifically due 
to the handling of UOG wastewater from shale gas and coal bed meth­
ane production (SI2, Akob et aL, 2016, unpublished results). In addition, 
numerous organic chemicals were identified in water and sediments 
downstream of the injection facility, many associated with UOG opera­
tions (Orem et aL 2016, unpublished results). 

Several known hormonally active compounds were detected in the 
water near the injection disposal facility. However, differences in sensi­
tivity and efficacy between assay systems prevent clear associations 
with degree of effects. Detected at Sites 3 and 7, tris(1-chloro-2-
propyl )phosphate has been reported to act as an antagonist for the an­
drogen 1) and thyroid 3) receptors. 
Detected at Site 3, 2-(2-butoxyethoxy)-ethanol (diethylene glycol 
methyl ether) has been tested by our lab previously and exhibited an­
tagonistic activities for ER, AR, and GR though 
only at concentrations approximately 1 00-times above the 0.54 IJg/L 

2016-009474-00329 
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Fig. 5. In vitro toxicity of injection well sitesurfacewatersamples.Toxicityas per inhibition of constitutivelyactivepromoter, CMV-13-Gal, measured as percent inhibition of 13-galactosidaseby 
40x and 4x concentrationrof each watersample ± SEM in lshikawacells.Significant inhibitiondesignatedby N 15'/o inhibitionofsignal and significantly lower response than vehiclecontrol, as per 
t- test. Results from duplicatesamples collected at Sites 7 and 3, were averaged and presented as one value for these sites *p b 0.05 and N 15'/o inhibition of vehiclecontrol. 

30 ng/L ICI inhibits development of sea urchins 
25 !Jg/L fl utamide can induce vitellogenin production in fish 

5), 5 ng/L mifepristone impacts egg production, disrupts 
folliculogenesis, and alters gene expression in zebrafish 

and 461Jg/L 1-850 can alter gene expression inti­
lapia Notably, antagonist equivalent 
activities reported downstream of the disposal facility (Sites 7 and 
3) were above levels associated with adverse health effects in aquatic 
organisms for all five receptors. In many cases, even with considerable 
dilution, levels of endocrine disrupting contaminants would still be ca­
pable of disrupting the development of fish, amphibians, and other 
aquatic organisms. 

Impacted sites largely contained minimal agonist activity, and gen­
erally occurred below levels known to impact aquatic wildlife. Agonist 
activities in water sample extracts from reference sites were also 
below those known to cause adverse health effects in aquatic organ­
isms, to the best of our knowledge.lmportantly,despitethis low poten­
tial for disruption through single receptor mechanisms, adverse health 
effects may result from disruption of several receptor pathwayssimul­
taneously. For example, Runnalls et al. recently reported that ER, AR, 
and PR agonist pathwayscould all result in inhibition of egg production 
in fathead minnows through separate mechanisms 

5), suggesting that some endpointsmay requi rea more com prehen­
sive approach than assessing equivalent concentrations for individual 
receptors. 

Our lab has previously reported anti-ER and anti-AR equivalences 
in surface and groundwater collected from drilling-dense sites with a 
history of hydraulic fracturing fluid spills in Colorado 

4) and surface water impacted by wastewater effluent in M issou­
ri 5a), though equivalent ER and AR agonist and 
antagonist concentrations were much lower than those described 
herein. For example, wastewater effluent impacted streams in Mis­
souri exhibited up to 19 ng/L ICI equivalence (anti-ER) and 481Jg/L 
flutamide equivalence (anti-AR), approximately 10 and 14-fold 
lower activities than detected in this study. Other researchers have 
utilized similar in vitro screens to assess the EDC activities contribut­
ed by various anthropogenic sources to water, though varying posi­
tive controls and assay sensitivities complicate comparisons. 
However, wastewater is a well-described source of anti-androgens, 
with raw sewage containing up to mg/L levels of fl utamide equiva­
lence ( 3). Researchers assessing the Lambro River in 
Italy, heavily contaminated with domestic and industrial wastewater 
and agricultural run-off, reported 370-4700 !Jg/L fl utamide equiva­
lences Similarly, assessment of the Pearl 
River System in China, heavily contaminated by effluent and raw 
sewage from four major wastewater treatment plants, exhibited 
20-935 !Jg/L fl utam ide equivalence and up to 1.3 mg/L tamoxifen 
equivalence (anti-ER; ). While tamoxifen exhibits 
agonist activity in our uterine bioassay system and thus cannot be 
readily compared, the anti-androgenic activities were similar to 
ours. 

Differences noted between the activities exhibited in the mammali­
an and yeastscreensare likely due to several known factors. Many of the 
tissue-specificeffectsofEDCsin mammaliansystemsare due to the var­
ied expression of coregulatory proteins recruited by the ligand-bound 
receptor complex Yeast receptor 
screens lack many of these coregulators, and chemicals that act as an­
tagonists in mammalian systems can act as agonists in a yeast system 

Yeast cells also lack some enzymes that are commonly expressed in 
mammalian cells, preventing bioactivation of some chemicals routinely 
observed in mammal ian cells Lastly, the permeabil­
ity ofchemicalsthrough the cell wall in yeast is differentfrom mamma­
lian cell membranes, resulting in differential sensitivity to various 
chemicals 
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5.Conclusions 

In conclusion, we report high levels of EDC activities in surface 
water extracts associated with a wastewater injection disposal facil­
ity. The most impacted sites were on and downstream from the dis­
posal facility (Sites 6, 7, and 3), and exhibited considerably more 
antagonist activities and less agonist activities than background 
samples 4). The most impacted samples, Sites 7 and 3, 
also exhibited toxicity in the mammalian cell culture system at the 
40x concentration, but not at the 4x concentration that we used to 
measure EDC activity. Importantly, the water leaving this site exhib­
ited nuclear receptor equivalent activities that are known to result in 
adverse health effects in aquatic organisms and other animals. While 
WolfCreek flows into the New River, a drinking water resource, this 
sampling occurred approximately 5 miles upstream from the confl u­
ence. Further work should assess how the magnitude of EDC effects 
changes with distance from the site in order to better assess poten­
tial human and animal health threats from exposure. Given the 
large number (N140.000) of class II injection wells currently operat­
ing in the United States, this should be viewed as a case study of en­
vironmental impacts that may be evident at other injection disposal 
facilities as well. Further work, including higher tier receptor disrup­
tion screens (whole cell activity as well as fish, amphibian, and mam­
malian whole animal assessments) should be applied to confirm 
these results and assess water quality surrounding these facilities 
in a more comprehensive manner. 
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